We evaluated the impact of sea surface temperature (SST) improvement realized by increasing horizontal resolution of an ocean model on dynamical downscaling (DDS) over Japan, focusing on the effects of the Kuroshio on summer precipitation in Japan. Two sets of SSTs were simulated using a high-resolution North Pacific (NP) model and a low-resolution global (GLB) ocean model. Using these SSTs as the lower boundary conditions for the atmosphere, two DDS experiments were conducted (NPrun and GLB-run). In NP-run, summer precipitation increases over the Kuroshio and reduces over Pacific coastal areas of Japan compared with GLB-run. Due to weaker southerly winds north of the Kuroshio in NP-run, the water vapor flux transported to Japan is smaller than in GLB-run. Both the pressure adjustment and the vertical mixing mechanisms weaken the southerly winds, with the latter being slightly more effective. Increasing the horizontal resolution of the ocean model, so that the Kuroshio is more realistically reproduced, improves the accuracy of simulated precipitation over Japan.
Introduction
The demand for information on regional future climate has increased in recent years. Dynamical downscaling (DDS) with regional climate models (RCMs) is conducted to evaluate future regional climate change (Kitoh et al. 2016) . Compared with a general circulation model, a high-resolution RCM can provide more accurate simulation because of a better representation of topography and coastlines, as well as an improved representation of small-scale processes such as convective precipitation. Several high-resolution DDSs have been performed to evaluate regional climate change in Japan (e.g. Murata et al. 2015; Kawase et al. 2016; Murata et al. 2017; Suzuki-Parker et al. 2018) .
In such DDS experiments, sea surface temperature (SST), which provides the lower boundary condition for the atmosphere, is usually prepared by interpolating the SST used in the outer model, which has a much coarser horizontal resolution than the RCM. Consequently, the effects of small-scale structures in the ocean around Japan are not represented in these DDSs. However, recent studies have demonstrated that such small-scale structures in the ocean affect the climate over Japan (e.g. Murazaki et al. 2015) . Moreover, rapid temporal changes in SST in a small area affect weather and climate over Japan (Manda et al. 2014 ). These findings indicates that an RCM coupled with a high-resolution oceanic model is suitable for a more realistic DDS over Japan. As a first step, in this work we quantify the impacts of the improvement of SST distribution that would be expected by increasing the horizontal resolution of an ocean model on DDS over Japan. Another way to evaluate it might be to compare results of DDSs with a high-resolution SST dataset and a spatially low-pass filtered version of it (e.g. Nosaka et al. 2019 ). However, since our final goal is to develop an atmosphere-ocean coupled RCM, in this study, we use simulated SSTs with high-resolution and lowresolution ocean models to evaluate the importance of dynamical processes resolved in high-resolution ocean models.
A remarkable dynamical process in the ocean around Japan is the Kuroshio Current. The atmospheric responses to the Kuroshio are found not only in the marine atmospheric boundary layer, such as its impact on surface wind speed (e.g., Nonaka and Xie 2003) , but also in the free atmosphere in which the Kuroshio affects precipitation and synoptic-scale disturbances. From observation, demonstrated that precipitation in June is enhanced over the Kuroshio in the East China Sea, and Minobe et al. (2015) reported a diurnal cycle in precipitation over the Kuroshio. Nakamura et al. (2012) showed from observations that the path of the Kuroshio affects the track of extratropical cyclones south of Japan, as confirmed in numerical simulations by Hayasaki et al. (2013) . Murazaki et al. (2015) reported the atmospheric response to the Kuroshio large meander using an RCM.
Although atmospheric responses to the Kuroshio over the ocean have been reported as introduced above, those over Japan have not been examined in detail. To improve the accuracy of DDS, its impact on the climate over Japan must be evaluated. In this study, therefore, we focus on the effect of an accurately simulated Kuroshio in ocean models on precipitation over Japan in DDS experiments. We conduct two DDSs in which two sets of SSTs generated by high-and low-resolution ocean models provide the lower boundary conditions.
Model and experimental design

Reginal climate model
For the DDS experiments we used a non-hydrostatic regional climate model (NHRCM; Sasaki et al. 2008) , which is a climate version of the Japan Meteorological Agency's non-hydrostatic model (JMA-NHM; Saito et al. 2006) . The specifications of NHRCM, as summarized in Table S1 , are the same as those used by Kawase et al. (2016) except for the horizontal grid spacing and model domain. The model domain, which has 241 × 221 horizontal grid points with a grid spacing of 15 km, covers Japan and the surrounding ocean ( Fig. 1 ).
Ocean model
The Meteorological Research Institute Community Ocean Model version 4 (MRI.COMv4; Tsujino et al. 2017 ) was used for the simulation of the North Pacific and global oceans. This is a free-surface, depth-coordinate ocean-sea ice model that solves primitive equations using the Boussinesq and hydrostatic approximations. The details of MRI.COMv4 are summarized in Table  S2 . To obtain high-and low-resolution SST differing in the repre-
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December 2000. SST data was obtained every six hours. Two time-slice simulations by NHRCM were conducted for the 20-year period between 1980 and 2000 using the abovementioned 6-horly SSTs of NPOGCM and GLBOGCM. They are referred to as NP-run and GLB-run, respectively. For each simulation, NHRCM was initialized on 21 August and then run until 1 September of the following year. The results from the first 11 days were discarded as model spinup. The initial and boundary conditions for NHRCM were derived from JRA-55.
Results
First, we compare SSTs simulated by NPOGCM and GLBOGCM with the fine-resolution (0.25° × 0.25°) merged satellite and in situ data global daily SST (MGDSST; Kurihara et al. 2006) . In MGDSST (Fig. 1a ), a narrow warm tongue corresponding to the Kuroshio extends from the East China Sea to the southern coast of Japan. A similar warm tongue structure is reproduced by NPOGCM ( Fig. 1b) , although it is more distinct than that in MGDSST. This is likely due to the finer resolution of NPOGCM. The difference between MGDSST and SST in NPOGCM is less than 2°C (Fig. 1e ). Although a Kuroshio-like structure is simulated by GLBOGCM, it is much broader than those in MGDSST and NPOGCM ( Fig. 1c ). Because of the finer structure of the Kuroshio in NPOGCM, the difference in SST (NPOGCM minus GLBOGCM) is positive over the Kuroshio and negative between the Kuroshio and the southern coast of Japan ( Fig. 1d ). Note that the Kuroshio-like structure in GLBOGCM extends farther north along the east coast of Japan compared with MGDSST, resulting in the large SST difference where SST in GLBOGCM is higher by about 3°C than in MGDSST ( Fig. 1f ). Overall, accuracy of the simulated SST around Kuroshio in NPOGCM is better than that in GLBOGCM.
Simulated precipitation is compared with a raingauge-based daily precipitation dataset, APHRO_JP (Kamiguchi et al. 2010 ). Both NP-run and GLB-run reproduce the annual cycle of precipitation although they overestimate and underestimate precipitation in winter and summer, respectively (Fig. S1 ). The spatial patterns sentation of the Kuroshio, we set up the ocean model for a global and a North Pacific domains, hereafter referred to as GLBOGCM and NPOGCM, respectively. These are the simplest and second simplest configurations (the low-resolution global ocean model without nesting and that nested with a higher-resolution North Pacific regional model) extracted from the hierarchical set of nested models developed for monitoring and predicting the ocean state around Japan by MRI (Sakamoto et al. 2019) . GLBOGCM is a tripole grid model whose horizontal grid spacing is 1° in the zonal direction and 0.5° in the meridional direction. The meridional grid spacing was increased to 0.3° between 10°S and 10°N. It has 60 vertical levels with an additional bottom boundary layer. Some details can be found in Yukimoto et al. (2019) . NPOGCM uses geographical coordinates with a zonal grid spacing of 1/11° and meridional grid spacing of 1/10° for the region (98.8°E−75°W, 15.2°S−63.1°N). The same vertical grid spacing as GLBOGCM was adopted, but without the bottom boundary layer. The present choice of the horizontal resolution (~ 10 km) for NPOGCM is based on our experiences that at least around 10 km horizontal resolution is needed to properly represent the Kuroshio (e.g., Tsujino et al. 2006 ). When NPOGCM is run, it is nested in GLBOGCM. This set of nested models transfers data two ways: the side boundary data of prognostic variables are transferred from GLBOGCM to NPOGCM, and the prognostic variables in the NPOGCM region are transferred to GLBOGCM.
Experimental design
First, SSTs used as the lower boundary conditions of NHRCM were simulated by NPOGCM and GLBOGCM. The Japanese 55-year Reanalysis (JRA-55; Kobayashi et al. 2015) based surface dataset (JRA55-do; Tsujino et al. 2018 ) was used to drive NPOGCM and GLBOGCM. GLBOGCM was run for 290 model years by repeated use of 58 years (1958−2015) of the JRA-55-do as the surface condition. NPOGCM was started from the year 1971 of the fourth cycle of the GLBOGCM simulation, using an initial condition taking from the GLBOGCM run at the end of the year 1970, and continued until the year 2000 of the fifth cycle. The simulations for sampling of SST were started on 1 January 1980 of the fifth cycle for both models and continued until 31 of the precipitation biases are similar between NP-run and GLBrun (Fig. S2) .
Next, we examine the difference between NP-run and GLBrun. Hereafter, the difference in a given variable is defined as the NP-run value minus the GLB-run value. In NP-run, a precipitation maximum is found along the Kuroshio (Fig. 2a) . Although a similar precipitation maximum is also found along the warm tongue in GLB-run, it is indistinct compared with the results for NP-run ( Fig. 2b) . Thus, the precipitation difference over the Kuroshio is positive, whereas it is negative over Japan (Fig. 2c) .
The characteristics of the precipitation difference vary with the season, although precipitation in NP-run is larger over the Kuroshio in both winter (December-February) and summer (June-August) (Fig. 3) . In winter, the precipitation difference is positive south of the Kuroshio but negative in the coastal areas of the Sea of Japan (Fig. 3a) . The latter is related to a negative SST difference in the Sea of Japan which is associated with northwesterly winter monsoon precipitation. In summer, on the other hand, there is a clear contrast between the positive precipitation difference over the Kuroshio and the negative precipitation difference over Pacific coastal areas of Japan (Fig. 3b ). Note that the precipitation difference to the east of Japan, where large SST difference exists, is not very large in summer. We focus on summer precipitation because the impact of the Kuroshio on precipitation over Japan is greatest in summer.
The southerly monsoon, which transports water vapor to Japan, passes over the Kuroshio in summer in both NP-run and GLB-run (Fig. 4a) . Figure 4a compares the magnitude of water vapor fluxes integrated from surface to 1450 m height. North of the Kuroshio and Pacific coastal areas of Japan, the water vapor flux in NP-run is smaller than that in GLB-run. This indicates that less water vapor is transported to Japan, resulting in less precipitation over its Pacific coastal regions. The difference in water vapor flux can be partitioned into the effects of the difference in water vapor and the difference in wind, as follows:
where F  is the water vapor flux, q is the water vapor concentration, v  is the wind vector, and Δ indicates the difference between NP-run and GLB-run. The first and second terms on the right-hand side of the equation represent the contributions of the difference in water vapor and the difference in wind, respectively. The last term is a correlation term, which is found to be negligible (not shown).
The difference in wind accounts for most of the difference in water vapor flux (Fig. 4b) . To the north of the Kuroshio, the southerly wind below 500 m height in NP-run is more than 0.5 m s −1 (~ 10%) weaker than that in GLB-run (not shown). The contribution of the water vapor difference is minor (Fig. 4c) , although the water vapor in NP-run is somewhat reduced compared with GLBrun to the north of the Kuroshio due to less surface evaporation (not shown). This indicates that the contribution of the difference in evaporation is also minor.
Two mechanisms have been proposed for the effects of SST on low-level wind: vertical mixing (e.g. Wallace et al. 1989; Xie et al. 2002; Nonaka and Xie 2003; Chelton et al. 2004 ) and pressure adjustment (e.g. Lindzen and Nigam 1987; Minobe et al. 2008; . During vertical mixing, increased static stability over a cold SST anomaly reduces vertical momentum mixing, which results in a weakening of near-surface winds. This mechanism leads to a reduction in wind speed over the cold SST region to the north of the Kuroshio. According to the pressure adjustment mechanism, SST affects atmospheric pressure by modifying atmospheric temperature. This induces a pressure gradient force directed from the cold to the warm SST anomaly, which causes a convergence over the warm SST anomaly. This mechanism also causes a negative difference in wind speed to the north of the Kuroshio because the convergent wind is directed southward, opposite to the mean wind.
According to the pressure adjustment mechanism, wind convergence is collocated with the positive Laplacian of sea level pressure (SLP), which is related to warm SST (Minobe et al. 2008 ). On the other hand, vertical mixing causes convergence when the wind blows from warm to cold water across an SST front, indicating convergence collocated with a negative downwind SST gradient (Chelton et al. 2004) . The difference in the Laplacian of SLP is positive over the Kuroshio and negative to the north, which is consistent with the SST difference (Fig. 5a ). The difference in the downwind SST gradient is negative to the north of the axis of the Kuroshio (Fig. 5b ). The positive difference in surface wind convergence exists over and to the north of the Kuroshio, and is collocated with both a positive difference in the Laplacian of SLP and the negative difference in the downwind SST gradient. Compared with the former, the latter is more consistent with the distribution of the difference in convergence. For the area outlined by the quadrangle in Fig. 5 , the spatial correlation between the difference in convergence and the difference in the Laplacian of SLP is 0.29, while that between the difference in convergence and the difference in the downwind SST gradient is −0.43. In addition, the negative difference of wind is collocated with the negative SST difference (Fig. 4b) , which is consistent with the vertical mixing mechanism. Therefore, both pressure adjustment and vertical mixing contribute to the weaker southerlies in NP-run to the north of the Kuroshio, with the contribution from vertical mixing being slightly larger. This result is inconsistent with the findings of , who suggested that the pressure adjustment mechanism is dominant in the case of convergence over the Kuroshio in the East China Sea during June. This discrepancy can be explained by the large SST gradient between the Kuroshio and Japan in NP-run (Fig. 2b) .
Discussion and conclusions
We evaluated the impact of SST improvement that would be expected by increasing the horizontal resolution of an ocean model on DDS over Japan, focusing on the impacts of the Kuroshio on summer precipitation. Two types of DDS were performed using an RCM with two sets of SSTs simulated by a high-resolution North Pacific model and a low-resolution global ocean model, respectively. In the DDS with SST from the high-resolution model, precipitation was increased over the Kuroshio and reduced over Pacific coastal areas of Japan compared with the DDS using SST from the low-resolution model. This is due to weaker southerly winds to the north of the Kuroshio, resulting in a reduction in the water vapor flux transported to Japan.
An important question relating to DDS is whether the increase in the horizontal resolution of the ocean model actually improves the accuracy of the simulation. The bias in summer precipitation is shown in Fig. 6 . In both NP-run and GLB-run, a positive bias is found in Pacific coastal areas of Japan, whereas the majority of Japan have a negative bias. The areas with the positive bias correspond to those where the precipitation difference between NP-run and GLB-run was negative (Fig. 3b ). Figure 7 shows the scatter plot for biases in GLB-run and NP-run in the region enclosed by the black line in Fig. 6 , which corresponds to the Pacific Ocean side of eastern and western Japan as defined by Murata et al. (2015) . Although the biases are almost similar in GLB-run and NP-run, the positive biases are smaller in NP-run than in GLB-run. Thus, the improved SST around the Kuroshio realized by increasing the horizontal resolution of an ocean model reduces overestimation of summer precipitation over Pacific coastal regions of Japan.
Similar biases in summer precipitation were found in other DDS experiments using NHRCM and JMA-NHM with lowresolution SSTs: DDS from a global climate simulation (Ishizaki et al. 2012) and DDS from the JRA-55 (DS-JRA55; Kayaba et al. 2016) . This study demonstrates that the accurate SST represented on high resolution grids is an important factor in improving the accuracy of the simulated precipitation over Japan. 
Supplement
The specifications of NHRCM and MRI.COMv4 are described in Supplement 1.
Supplement 2 describes the comparison of the simulated precipitation and APHRO_JP.
